particularly at risk. though neonates should also be added to the group in this case. This problem will compound the other effects described in this article. but in the well managed patient should not be contributing in any degree to the arterial hypoxaemia.
The most important cause of arterial hypoxaemia in postoperative patients is a disturbance in the relationship of ventilation to perfusion (Filley ] 967) . due chiefly to abnormalities in the distribution of inspired gas within the lungs.
(a) Distribution of I1lspircd Gas During normal breathing in healthy young people. there is better ventilation of the dependent parts of the lungs (\Vest ]970). This preferential distribution of inspired gas occurs because of regional differences in pleural pressure. At functional residual capacity. dependent alveoli are smaller than non-dependent alveoli, as, due to the weight of the lung, the pleural pressure is less negative in this region. During tidal breathing this relationship is maintained. the larger non-dependent alveoli expanding less because of increased elastic recoil due to stretching of the connective tissue framework of the surrounding lung. As will be described, there is also better blood perfusion of the dependent lung and this results in a satisfactory matching of ventilation and perfusion. During breathing at low lung volumes (near residual volume) however. the pattern of gas distribution is reversed. As lung volume decreases, dependent pleural pressure ceases to be subatmospheric and thereafter actual compression of the dependent lung occurs, resulting in closure of airways and alveoli, and consequently ventilation is largely accomplished by non-dependent areas of the lungs. This type of breathing will result in a disturbance in the relationship of ventilation Anaesthesia al1d II1!ensil'e Care. '·01. VI, No. ], February, 1978 to perfusion as a result of which arterial hypoxaemia will occur.
The level at which airway closure occurs (closing volume) is near residual volume in healthy young people. However, as the lungs age, their elastic recoil diminishes and consequently the lung volume at which dependent pleural pressure ceases to be subatmospheric increases (Bates, Macklem and Christie 1971) . In the elderly, airway closure may in fact occur in the region of the functional residual capacity. The preoperative alveolar-arterial oxygen tension gradient may be considerably larger than normal in elderly patients (Diament and Palmer 1969) . Obesity is capable of causing serious arterial hypoxaemia because, due to the stiffness of the thoracic cage in this condition, the functional residual capacity is considerably lowered and may approximate the closing volume. Thus both the elderly and the obese are <;Lt risk of developing serious arterial hypox-aemIa. Chronic obstructive airways disease also alters the relationship of ventilation to perfusion. Recent work has demonstrated narrowing of small airways in early chronic bronchitis (Hogg, Macklem and Thurlbeck 1968 ) as a result of which the closing volume is elevated (Collins 1973) . Thus the chronic bronchitic patient is also in danger of developing arterial hypoxaemia because of mismatching of ventilation and perfusion. Many other factors affect the FRC-CV (functional residual expiry-closing volume) differential, and these are listed in Tables 1 and 2 under the headings of Decreased FRC or Increased CV which both narrow the differential.
After upper abdominal surgery the functional residual capacity is reduced by approximately 30% (Anscombe 1957 , Alexander et al. 1973 and this in many cases brings the closing volume well within tidal ventilation. In the young adult where closing volume is close to residual volume, airway closure may occur only at the end of expiration and then only for a brief period of time and arterial hypoxaemia is consequently mild and transient. Elderly, obese or bronchitic patients however may well have extensive airway closure in their dependent lung areas throughout most of the respiratory cycle. In these areas small alveoli are very liable to instability and collapse and thus micro atelectasis will result. In addition the monotonous shallow breathing pattern adopted by the postoperative patient further encourages micro atelectasis (Bendixen, Hedley-Whyte and Laver 1963) , a disturbance in the distribution of the surfactant film lining the alveoli being important under these circumstances (Woolcock 1973) . Thus in the postoperative patient there may be all degrees of ventilation-perfusion disturbance from mild regional underventilation to complete blood shunting past atelectatic alveoli.
The causes of the postoperative reduction in functional residual capacity include recumbency, replacement of the gaseous scaffolding of nitrogen with nitrous oxide (Burger and Macklem 1968) , injury to the thoraco-abdominal cage with spasm of the diaphragm and injured abdominal muscles, abdominal distension due to postoperative ileus and possibly an increase in the central blood volume. The functional residual capacity represents an equilibrium between the inward acting elastic recoil of the lungs and the outward acting recoil of the thoracic cage. Injury to the latter results in the equilibrium being set at a lower volume. Alexander et al. (1973) have reported that closing volume did not change greatly after operation in a group of patients without cardiac or respiratory disease. It can, however, be shown by flow-volume measurement (Hyatt and Black 1973 ) that there appears to be an increase in airway resistance in patients with chronic obstructive disease and these patients would presumably show an increased closing volume (Mort on 1975, Baker, 1977a, Morton 1977) .
The bronchitic patient usually suffers an exacerbation of disease in the postoperative period with increased sputum production and frequently respiratory infection and these increase the chances of serious arterial hypoxaemia developing. There is a much higher incidence of postoperative atelectasis in patients with chronic obstructive disease than in those who do not have this condition (Morton 1944) .
It has been shown that central blood volume (Jenkins et al. 1950 , Shoemaker et al. 1967 , Shoemaker et al. 1971 ) may be increased following major surgery and the causes of this include recumbency which results in almost a 30% increase in intra-thoracic blood volume (Weissler, McCraw and Warren 1959) , systemic vasoconstriction due to fear, pain, cold and other stimuli causing heightened sympathetic tone which shifts blood centrally (Dykes and Fuller 1969) , decreased myocardial contractility due to pre-existing cardiac disease, possibly the cardiac depressant effect of anaesthetic drugs (Aheam and Gray 1967) and possible fluid overload (Milne 1973) .
It is known that increased fluid in the lungs results in elevation of the closing volume because fluid accumulates first around intrapulmonary blood vessels and airways (Straub, Nagano and Pearce 1967) . Increased fluid accumulation will occur if left atrial pressure rises or if there is an increased permeability of the pulmonary capillaries. Other factors which may be important include reduced lymphatic drainage because of immobility and shallow breathing, hypoproteinaemia which causes a reduced colloid osmotic pressure, excessive fluid infusion and sympathetic nervous system overactivity resulting in a fluid shift into the thorax. In a review of pulmonary oedema, Robin, Cross and Zelis (1973) point out that there may be a defect in the fluid exchanging mechanism of the lung in chronic obstructive disease, perhaps due to damage to the pulmonary vasculature. The accumulation of fluid around small airways postoperatively in patients with chronic bronchitis may be a factor in initiating the postoperative atelectasis and bronchopneumonia to which these patients are abnormally susceptible.
(b) Distribution of Pulmonary Blood Flow
Pulmonary blood flow is greatly dependent on gravity and in the upright position there is very poor perfusion of the upper lungs because pulmonary arterial pressure is less than alveolar pressure. In the mid lung, flow is controlled by the relationship of the pulmonary arterial pressure to the alveolar pressure, as the latter normally exceeds pulmonary venous pressure and a vascular waterfall results, the arrangement being called a Starling resistor. In the lower lung, venous pressure exceeds alveolar pressure and flow is controlled by the relation-ship of the arterial to the venous pressure (\Vest 1970). In the recumbent position, flow becomes more evenly distributed as the effect of gravity is lessened and in high cardiac output states flow also evens out due to recruitment of additional capillary beds. In low cardiac output states the gravity effect is exaggerated and additional regional underperfusion of the uppermost parts of the lung occurs. Increasing alveolar pressure, as with positive pressure ventilation, has a similar effect.
Upper abdominal surgery causes a more even distribution of lung perfusion (Rattenborg and Holaday 19G7) . Permutt et al. (19tH) have demonstrated that there is a two compartment configuration of the blood vessels supplying a pulmonary lobule and at low lung volumes the extra-alveolar vessels are narrowed. Thus blood is partially diverted away from poorly ventilated basal areas of the lung. This effect is enhanced by localised hypoxia and hypercarbia (Lloyd 1964 (Lloyd , 1966 so that blood flow tends to be redistributed towards better ventilated lung areas. Although regional underperfusion in relation to ventilation is often an important phenomenon in respiratory failure, especially when due to pulmonary capillary damage in prolonged shock, massive soft tissue injury and severe sepsis it is probably not an important factor after uncomplicated surgery (l\Iorton et al. 197H ). Indeed the mechanisms described would be expected partially to redistribute blood flow away from badly ventilated lung areas and towards those that are better ventilated.
PULMONARY MECHANICAL FUNCTION

(a) Pulmonary compliance
The compliance of the lungs and the resistance of the airways are important, as falls in the former or rises in the latter increase the work of breathing. The major cause of reduced lung compliance in postoperative patients is a fall in functional residual capacity resulting in basal airway closure. Surfactant depression may also be important. The causes of postoperative arterial hypoxaemia and disturbed pulmonary mechanical function are thus similar and the degree of abnormality in the former tends to parallel that of the latter.
It has been known for many years that lung volumes are reduced postoperatively (Churchill and l\IcNeil 1927, Beecher 1933) . In 1957 Anscombe showed that functional residual capacity was reduced after major upper abdominal surgery and subsequent work has shown the importance of this observation (Alexander et al. 1973) . Due to the effect of gravity, pleural pressure is considerably higher in the dependent parts of the thorax and, near residual volume, pleural pressure may become positive (i.e. exceed atmospheric pressure) in these regions during exhalation (West 1970) . Accompanying this alteration in pleural pressure, small airways in the dependent regions of the lung close when breathing is performed at low lung volumes. In the young adult, airways closure occurs near residual volume but with increasing age closing volume approaches functional residual capacity. This occurs because lung elastic recoil diminishes in the elderly and consequently pleural pressures are higher at any given lung volume (Bates et al. 1971 , Collins 1973 . Thus a surgical procedure which reduces functional residual capacity in an elderly person will result in closure of small airways in the dependent parts of the lungs during tidal breathing and for this reason the elderly are particularly vulnerable to the respiratory complications of major abdominal surgery. Lung compliance will be reduced under these circumstances as, when pleural pressure becomes positive, little or no further change in lung volume can occur due to pulmonary compression (West 1970) . In addition, when airways close in this manner, compliance becomes frequency dependent i.e. it is lower at high respiratory rates (Woolcock, Vincent and Macklem 1969) . Presumably there are all gradations between complete closure during the whole tidal volume resulting in atelectasis, and closure only at the very end of exhalation. This would depend on the degree of reduction in the functional residual capacity and the change, if any, in the closing volume which may occur after major surgery.
As alveoli decrease in size during exhalation, it would be expected that they might exhibit an increased tendency to collapse because of increased intra-alveolar surface tension. In normal lung, however, this phenomenon is counteracted by a lipoprotein lining of the alveoli called surfactant which maintains alveolar surface tension at a low value when alveolar volume decreases (Clements 1968 ). There is evidence, however, that the monotonous shallow breathing pattern of the postoperative patient may lead to a disturbed distribution of the surfactant lining of the alveoli with an increased tendency to the development of atelectasis (Woolcock 1973) . The surfactant layer apparently requires regular stretching either by periodic sighing (Bendixen et al. 1963) or by ventilation with moderately large tidal volumes to maintain its functional integrity (i.e. the volume history of the lungs has an important effect on their mechanical function). We have recently shown that patients with chronic bronchitis have a more marked reduction in compliance than normal patients postoperatively (Morton, Hansen and Baker 1977b) .
The compliance of atelectastic lung is reduced because it takes a considerable pressure change to increase lung volume due to the resistance to opening of involved alveoli and small airways (Bedell and Clarke 1969) .
(b) A irway Resistance
Although some information is available about changes in airway resistance during operation (Sykes 1970) , few measurements have been made on patients convalescing from routine major upper abdominal surgery. Using the flow-volume technique (Hyatt and Black 1973) , an increased resistance on the first postoperative day was demonstrated in patients with preexisting airway obstruction but there was little change in those with normal lungs (Morton 1975 , Morton et al. 1977a , Morton 1977 .
It has been demonstrated (Morton and Ebert 1975) that bronchitic patients have a high incidence of radiological pulmonary congestion and interstitial oedema in the immediate postoperative period and it has been suggested that there may be an abnormality in the water turnover of their lungs (Robin et al. 1973) . The accumulation of excess water around intrapulmonary airways offers a possible explanation for the acute increase in airway resistance observed postoperatively in bronchitic patients. As noted above, Alexander et al. (1973) found that closing volume changes little in patients without pulmonary disease. However, flowvolume measurements suggest an increase in airway resistance postoperatively in patients with chronic bronchitis and premature airway closure may thus occur postoperatively in these patients.
The patient with chronic bronchitis has an increased tendency to develop postoperative atelectasis because of premature closure of his narrowed airways. He is thus especially vulnerable to a postoperative fall in functional residual capacity which will result in airway closure occurring well within the tidal volume. In addition these patients have an increased production of sputum, and, as a result of interference with the coughing mechanism postoperatively, secretions are retained to plug airways and cause increased airways resistance and further pulmonary atelectasis, frequently with superadded infection. CONCLUSION The elderly, the obese and those with chronic airway obstruction who undergo major surgery and particularly abdominal operation have a high probability of developing hypoxaemia or worsening their current hypoxaemia. Thus it is necessary that such patients receive great care during anaesthesia and operation to attempt to minimise these factors. Also, in the postoperative period they should be carefully observed and during this time should receive additional inspired oxygen until it can be demonstrated by blood gas analysis that such treatment is no longer necessary.
